The excessive intake of dietary salt is a global issue in health. Attempts have been made to address this issue, including the development of salt substitutes. Yet, none of these substances are currently in wide use, because of their weak saltiness. The purpose of this study was to assess the effects of sodium aspartate (Asp-Na) on salty taste perception using the bullfrog glossopharyngeal nerve response and human sensory tests. When added to the mixture of NaCl and KCl, Asp-Na significantly enhanced the glossopharyngeal nerve response to the mixture by 1.6-fold compared to control. Asp-Na did not enhance the response to NaCl, nor did Asp-Na enhance the response to sour, bitter, or umami stimuli. The optimal concentration for Asp-Na to enhance the salt mixture was 1.7 mM. The largest enhancement was induced when NaCl and KCl were mixed at equimolar concentrations. Asp-Na significantly suppressed the glossopharyngeal nerve response to quinine hydrochloride, which suggests that bitterness of KCl is suppressed by Asp-Na. The salty taste enhancing effect of Asp-Na was also confirmed with human sensory tests. The present results suggested that the mixture of NaCl and KCl containing Asp-Na can be used as a salt substitute. In addition to demonstrating that Asp-Na enhanced salt taste responses in an experimental animal and human, our findings provide clues to identify the elusive salty taste receptors.
Introduction
In many countries the amount of dietary salt intake currently exceed 6.0 g/day, which is a standard set forth by the World Health Organization (WHO) (Elliott and Brown 2007) . For example, dietary salt intake in Japan, China, the United States, and the United Kingdom are 12.3, 14.3, 10.7, and 9 .4 g/day, respectively. Such salt intake higher than the standard may poses a serious problem in health, as recent meta-analyses have shown that excessive dietary salt intake will lead to hypertension, stroke, and gastric cancer (Intersalt Cooperative Research Group 1988; He and MacGregor 2009; Strazzullo et al. 2009) . If left unchecked, this could trigger a global health crisis. To address this growing concern, many countries have focused their efforts on developing strategies to reduce salt intake (Henney et al. 2010) .
Food intake can be reduced a number of ways, including the use of substitute products and/or augmenting taste.
For instance, sugar intake can be controlled using the sugar substitutes aspartame or acesulfame-K, which are 200-fold sweeter than sugar. One can also add small amounts of salt to sugar to enhance sweetness (Kumazawa and Kurihara 1990) , a widely used cooking trick, thereby reducing sugar intake. Salt substitutes have not been as successful. In fact, while various candidate salt substitutes or replacements exist, none have really caught on. For example, potassium chloride (KCl), while a promising candidate, has a weaker salty taste than sodium chloride (NaCl). When used in large amounts, it is also associated with bitterness, which is one of the reasons why its use has not been widely pur sued. Other substitutes such as ammonium chloride, potassium sulfate, and sodium gluconate have also been suggested as candidate substances, but because they share the same problems with KCl, their use has been limited. Moreover, the lack of effective methods to increase salty taste is somewhat responsible for the lack of effective strategies to decrease salt intake.
Taste is divided into 5 basic qualities: sweet, bitter, umami, sour, and salty tastes. In order to understand the characteristics of each basic taste and their mechanisms of transduction, it is important to elucidate the receptors for each taste in question. The receptors for sweet, bitter, and umami tastes have been identified, and current work in the field has focused on elucidating their mechanisms of transduction (Hoon et al. 1999; Adler et al. 2000; Chandrashekar et al. 2000; Bachmanov et al. 2001; Kitagawa et al. 2001; Max et al. 2001; Montmayeur et al. 2001; Nelson et al. 2001 Nelson et al. , 2002 Sainz et al. 2001) . A likely candidate for the receptor of sourness has been recently discovered, and it is anticipated that future work will focus on elucidating its characteristics and transduction (Huang et al. 2006; Ishimaru et al. 2006) .
Studies on salt taste receptors have been carried out extensively, but those receptors have not been concretely identified. At present candidate receptors are the epithelial sodium channel (ENaC) (DeSimone et al. 1981; Heck et al. 1984; Brand et al. 1985; DeSimone and Ferrell 1985) and transient receptor potential vallinoid 1 (TRPV1; Lyall et al. 2004) .
In foods of reduced sodium content the salty taste can be maintained by adding potassium to the foods. This method has been widely practiced, for example, with light salt (i.e., table salt with NaCl partially replaced by KCl). Japan has historically focused on the umami taste in food products. If the umami taste in soup stock is strong enough, it is thought that the good taste of food can be maintained while keeping the dietary salt concentration low (Yamaguchi and Takahashi 1984) . Konbu (kelp) is a source of umami taste, the most important taste in Japanese cuisine. It contains glutamic acid and aspartic acid as a source of umami taste (Mouritsen et al. 2012) . In this context, we assessed the effects of potassium ions and these acidic amino acids coexisting in salty stimulant on salty taste perception by means of the bullfrog glossopharyngeal nerve recording and human sensory tests. We found Asp-Na a powerful enhancer of salty taste perception. The present results suggested that the mixture of NaCl and KCl containing Asp-Na can be used as a salt substitute.
Materials and methods

Test animals
American bullfrogs (Lithobathes catesbeianus) (250-350 g) purchased from a biological supply company(Ouchi Kazuo Animals for Teaching Materials, Saitama, Japan) were used for animal experiments. Ten bullfrogs were kept alive in a plastic water tank holding a small amount of water at temperature of 25°C. All experiments were conducted with the approval of the Animal Experimental Committee of Tokai University.
Reagents
All chemicals used in this study were reagent grade. Sodium aspartate (Asp-Na), sodium glutamate (Glu-Na), glycine, arginine, NaCl, KCl, quinine hydrochloride (Q-HCl), and acetic acid were purchased from Wako Pure Chemical Industries (Osaka, Japan). Sodium glutamate, quinine hydrochloride, and acetic acid were used for umami taste, bitter taste, and sour taste respectively. All chemicals were dissolved in distilled water to make test solutions.
Test solution
The NaCl/KCl mixture is a mixture of sodium chloride and potassium chloride. The NaCl/KCl/Asp-Na mixture was made by adding Asp-Na to the NaCl/KCl mixture such that the sodium concentration remained equal to that of the NaCl/KCl mixture before Asp-Na addition. For example, to make a NaCl/KCl/Asp-Na mixture with 1.7 mM Asp-Na, 48.3 mM NaCl and 50 mM KCl is mixed with 1.7 mM Asp-Na.
Measurement of bullfrog glossopharyngeal nerve response
Bullfrogs were anesthetized with an intraperitoneal injection of urethane (350 mg/100 g body weight). Bullfrog with the tongue pulled out was fixed in a supine position. The skin on the lower jaw was removed with scissors to expose the glossopharyngeal nerve. The glossopharyngeal nerve bundle was dissected along the lingual artery with a pair of fine forceps, and the bundle was cut with fine scissors. The glossopharyngeal nerve response was measured as previously described by Katsuragi et al. (1997) . Briefly, the nerve was contacted with a silver-silver chloride electrode and immersed in a mixture of liquid paraffin and vaseline. The neural activities of stimulus-induced taste response were amplified, band-passed (300-3000 Hz), and processed with an integrator (time constant: 0.3 s). Integrated responses consisted of an initial large phasic component followed by a tonic component. In this study, the height of tonic responses induced after 5 s of stimulation were used to represent the magnitude of the glossopharyngeal nerve responses.
To assess the effects of amino acid coexisting with various salt mixture on the glossopharyngeal nerve response to the salt mixture, the bullfrog tongue was adapted to an amino acid solution until the nerve response declined to the spontaneous activity. Then, we applied a salt mixture solution containing the amino acid solution, which was used for adaptation. The solution for adaptation and stimulation was applied at a flow rate of 2.0 mL/s for 10 s. After stimulation, the tongue was washed with Ringer's solution (112 mM NaCl, 3.4 mM KCl, 3.6 mM MgSO 4 , 0.2 mM CaCl 2 , 2.5 mM NaHCO 3 ; pH 7.2). The stimulation interval was 5 min. Experiments were carried out at room temperature (25°C).
All panelists provided written consent prior to participation. The experimental procedures were approved by the Institutional Review Board of Kao Corporation and were in accordance with the Declaration of Helsinki. All panelists were healthy subjects who had no food allergies. None of them were dieting, taking medications, smokers, alcoholics, pregnant, and lactating. The binomial comparison method was used to evaluate saltiness using a NaCl/KCl mixture (NaCl/KCl) and a NaCl/KCl solution containing Asp-Na (NaCl/KCl/Asp-Na). Concentration of NaCl, KCl, and Asp-Na were 335, 335, and 1.7 mM, respectively. To include the potential effect of sodium ion liberated from Asp-Na, the total sodium concentrations of the NaCl/KCl/Asp-Na was adjusted to 335 mM. The solutions (10 mL) were poured into 25 mL plastic cups and left at room temperature for 1 h. Both test solutions were presented to the panelists at the same time. The order of evaluating the solutions was kept uniform across panelists. Panelists were then asked to indicate which solution had a stronger salty taste on an evaluation form (Laing et al. 1993) .
Statistical analysis
Data are presented as mean ± standard error. Dunnett's test, student's t-test, ANOVA and the binomial test were used for statistical analysis. Statistical analyses were conducted using StatView (Version 5.0; SAS Institute, Inc., Cary, NC). P < 0.05 was considered statistically significant.
Results
The effects of various amino acids on the glossopharyngeal nerve response to salt First, the effects of 4 amino acids (Asp-Na [0-5.8 mM], Glu-Na [0-5.4 mM], arginine [1.7 mM], glycine [1.7 mM]) on the glossopharyngeal nerve response to NaCl and KCl were tested. None of these amino acids affected the responses to NaCl and KCl (Figure 2a , the nerve recording for KCl is not shown). Then, the glossopharyngeal nerve response to the mixture of NaCl (50 mM) and KCl (50 mM) (NaCl/KCl mixture) was studied. In the first experiment, we recorded the response to NaCl/KCl mixture after the frog tongue was preadapted to distilled water (Figure 1c) .
To assess the effect of Asp-Na on NaCl/KCl mixture, we preadapted the tongue to Asp-Na (1.7 mM) for more than 10 s. Once the nerve response declined to the spontaneous activity, a NaCl/KCl solution containing Asp-Na (NaCl/ KCl/Asp-Na) was applied to the tongue (Figure 1d) . We compared the nerve response to NaCl/KCl mixture with that to NaCl/KCl/Asp-Na. If the response to the latter is larger than the former, the observed response to the NaCl/KCl/ Asp-Na may be enhanced by Asp-Na added to the mixture. The effects of other 3 amino acids were studied in a similar manner. We found that arginine (a basic amino acid) and glycine (a neutral amino acid) had no effect on the response to NaCl/KCl mixture, while Asp-Na and Glu-Na had an enhancing effect (Figures 2b and 3) .
In fact, Asp-Na reduced the threshold required to elicit the NaCl/KCl-induced response (Figure 2b ). Moreover, even at concentrations above the NaCl/KCl threshold of 10 mM, Asp-Na enhanced the NaCl/KCl-induced response.
The effects of acidic amino acids on the glossopharyngeal nerve response to salt
Enhanced glossopharyngeal nerve responses to the mixture of NaCl (50 mM) and KCl (50 mM), were studied as a function of concentration of acidic amino acids (Asp-Na and Glu-Na) added to the mixture (Figure 3) . The nerve response Figure 1 Integrated glossopharyngeal nerve activity in response to a NaCl/KCl mixture. (a) The nerve activity in response to the 150 mM NaCl that was used for normalization. The tongue was pre-adapted with distilled water (W). (b) The nerve activity in response to the 1.7 mM Asp-Na. The tongue was pre-adapted with distilled water (W). (c) The nerve activity in response to the NaCl/KCl mixture (50 mM NaCl and 50 mM KCl). The tongue was pre-adapted with distilled water (W). (d) The nerve activity in responses to the response to the NaCl/KCl mixture (48.3 mM NaCl and 50 mM KCl) containing 1.7 mM Asp-Na after the tongue was pre-adapted to a 1.7 mM Asp-Na solution. Bars under the induced responses represent the duration of stimulation for 10 s. to the NaCl/KCl mixture was enhanced by the amino acids at all concentrations examined. Interestingly, the maximal enhancement was induced at concentration of 1.7 mM for both amino acids.
In the mixture the ratio of NaCl and KCl was changed to examine its effect on the response enhanced by addition of 1.7 mM Asp-Na (Figure 4) . The maximal enhancement was observed when 2 salts were mixed at equal ratio.
The effects of Asp-Na on other taste responses
The effects of Asp-Na on other tastes are shown in Figure 5 . Although it had no effect on the response to umami (Glu-Na) and sour taste (acetic acid) stimuli, Asp-Na inhibited the response to a bitter taste stimulus (Q-HCl).
The effects of Asp-Na on salty taste perception in humans
The salty taste enhancing effect of Asp-Na on a NaCl/KCl mixture as assessed by sensory tests is shown in Figure 6 . Sodium concentrations were adjusted to be equal in both samples (335 mM). As expected, the presence of Asp-Na enhanced salty taste perception of the NaCl/KCl mixture compared to its absence. Even when the KCL concentration was reduced (NaCl:KCl = 3:1), Asp-Na showed a trend of enhancing salty taste perception (P < 0.1, data not shown).
Discussion
The excessive intake of dietary salt is a global problem. KCl has been used as an alternative salt to reduce total salt content in the food, while maintaining salty taste. In Japan, it has long been thought that if umami taste, which derives from Glu-Na and Asp-Na, is sufficiently strong, the good taste of food can be maintained while reducing dietary salt concentration. Thus, in the present study, we studied the strength of saltiness in NaCl, when potassium ions and these acidic amino acids coexisted in the solution. We found that Asp-Na enhances salty taste of the NaCl/KCl mixture. This suggests that Asp-Na serves the purpose of reducing dietary salt intake effectively.
Figure 2
Intensity-response curves for salt solutions to NaCl (a) and a NaCl/KCl mixture (b). The tongue was pre-adapted to water (control) and each amino acid (1.7 mM) contained in the mixture. The plotted responses (R) were normalized to the response to 150 mM NaCl. Data are presented as mean ± SE, n = 5. **P < 0.01 (Dunett's test).
Figure 4
Effect of 1.7 mM Asp-Na on the responses to the mixture of NaCl and KCl containing each salt at various ratios. The ratio of 2 salts is shown at abscisssa by percentage. The total concentration of the 2 salts is 100 mM. NaCl 100% corresponds to 100 mM NaCl; NaCl 75%/KCl 25% corresponds to 75 mM NaCl and 25 mM KCl; NaCl 50%/KCl 50% corresponds to 50 mM NaCl and 50 mM KCl; NaCl 25%/KCl 75% corresponds to 25 mM NaCl and 75 mM KCl; and KCl 100% corresponds to 100 mM KCl. The plotted response (R) was normalized to the response to the mixture without 1.7 mM Asp-Na. Data are presented as mean ± SE; n = 8. *P < 0.05 (student's t-test).
Figure 3
Relative magnitude of the response to a NaCl/KCl mixture (50 mM NaCl and 50 mM KCl) as a function of amino acids (Asp-Na and Glu-Na) added to the mixture. The plotted response (R) was normalized to the nerve response to 150 mM NaCl. Data are presented as mean ± SE; n = 12. **P < 0.01, *P < 0.05 (student's t-test). To date, there have been no reports that Asp-Na enhances salty taste perception. Previous methods to access salty taste enhancement used NaCl as stimulant. On the other hand we used a mixture of NaCl and KCl as stimulant to induce salt taste and we successfully determined, for the first time, the salty taste enhancing effect of Asp-Na.
Sodium glutamate, which is an acidic amino acid like Asp-Na, is widely used to improve the taste of foods with reduced salts. This is because adding umami component contained in Glu-Na is expected to increase satisfaction in food intake (Yamaguchi and Takahashi 1984) . Yet, we found here that Asp-Na directly enhances salty taste perception.
KCl has bitterness. Therefore, when added at higher concentrations, the bitter taste might be strengthened rather than enhancing salt taste. However, as shown in Figure 5 , Asp-Na can suppress bitterness. Thus, even when KCl is added at higher concentrations, if Asp-Na is also added, the bitterness will be reduced.
Thus, Asp-Na not only enhances the salty taste of the NaCl/KCl mixture, it also reduces the bitterness inherent to KCl. The NaCl/KCl/Asp-Na mixture can be considered an ideal combination for enhancing salty taste perception, given that a sufficient salty taste can be achieved even with a small amount of NaCl. In the future, we anticipate that adding Asp-Na along with KCl to foods with reduced salt content will contribute to the development of foods with reduced dietary salt that retain a satisfying salty taste.
The amount of food intake is regulated by sensory process occurring in the periphery or in the brain. The sweet taste enhancing effect of salt and the umami-enhancing effect of inosinic acid can be attributed to an enhanced taste nerve response. Such regulated taste responses occur in the taste system in the periphery (Yoshii et al. 1986; Kumazawa and Kurihara 1990) . It is also known that sniffing vanilla while eating sweet foods enhances sweet taste perception, a case of taste perception regulation occurring in the brain (Sakai et al. 2001) . In the present study, we confirmed that Asp-Na enhances the taste perception nerve response to salt mixture composed of NaCl and KCl. The findings are consistent with Asp-Na acting peripherally, rather than in the brain, to enhance salty taste perception.
Umami receptors undergo a conformational change by interacting with NaCl or Glu-Na, leading to increased sensitivity (Nakamura and Kurihara 1991; Ugawa and Kurihara 1994) .
We propose the following model based on our results. First, ionic channels involved in NaCl and KCl perception undergo a conformational change in the presence of both salts. This then allows Asp-Na to act on the channel and induce further conformational changes, thereby increasing the efficiency of salty taste perception.
The results of our study suggest the possible involvement of sodium and potassium channels in the transduction of salty taste. We anticipate that these results will contribute to the identification of salty taste receptors.
We anticipate that our findings can be applied to the development of low-salt food products. This will allow for Figure 5 Intensity-response curves for basic taste to Q-HCl (bitter taste) (a), acetic acid (sour taste) (b), and Glu-Na (umami) (c). The tongue was preadapted to water (control) and 1.7 mM Asp-Na. The plotted responses (R) were normalized to the response to 150 mM NaCl. Data are presented as mean ± SE, n = 8. Q-HCl: P < 0.05 (ANOVA).
Figure 6
Effect of 1.7 mM Asp-Na on salty taste perception of a NaCl/KCl mixture (335 mM each). Significantly more panelists found the NaCl/KCl solution (333.3 mM NaCl and 335 mM KCl) containing Asp-Na (1.7 mM) to be more salty than the mixture without Asp-Na. *P < 0.05 (binomial test).
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Funding
This work was supported by Kao Corporation.
